Characteristics obtained from peripheral pulses can be used to assess the status of cardiovascular system of subjects. However, nonintrusive techniques are preferred when prolonged monitoring is required for their comfort. Pulse transit time (PTT) measurement has showed its potentials to monitor timing changes in peripheral pulse in cardiovascular and respiratory studies. In children, the common peripheries used for these studies are fingers or toes. Presently, there is no known study conducted on children to investigate the possible physiologic parameters that can confound PTT measure at these sites. In this study, PTT values from both peripheral sites were recorded from 55 healthy Caucasian children (39 male) with mean age of 8.472.3 years (range 5-12 years). Peripheries' path length, heart rate, systolic blood pressure, diastolic blood pressure (DBP) and mean arterial pressure (MAP) were measured to investigate their contributions to PTT measurement. The results reveal that PTT is significantly related to all parameters (Po0.05), except for DBP and MAP. Age is observed to be the dominant factor that affects PTT at both peripheries in a child. Regression equations for PTT were derived for measuring from a finger and toe, (6.09 age þ 189.2) ms and (6.70 age þ 243.0) ms, respectively.
Introduction
Studies have shown that parameters derived from the arterial pressure wave can provide information regarding cardiovascular status. Arterial compliance (AC), blood pressure (BP) and heart rate (HR) have emerged as independent markers of cardiovascular risk in different populations. [1] [2] [3] Furthermore, arteriolar compliance changes in cardiovascular pathology at the early stage of disease. 4 Changes in AC can signify structural changes in arterial wall composition, which can be caused by vessel trauma or vascular abnormalities, as seen in hypertension. 3, 5 Furthermore, functional changes, like alterations in arterial wall tone in response to variations in internal pressure, can cause AC changes. 2, 5, 6 The significance of age-related changes in AC in normal children has not been well-studied due to difficulties in the interpretation of methods for measuring AC in vivo. 7, 8 A commonly used method for such measurement is based on the principle of pulse wave velocity (PWV). [1] [2] [3] [4] 7 This velocity is related to compliance at physiological transmural pressures and is affected both by BP and rate of pressure change. 6, 7 There are few methods that have been derived to measure PWV. Pulse transit time (PTT) measurement has shown its potential in this area over the recent decades. 9, 10 This has provided a more convenient method to measure transient changes in AC. PTT is defined as the time taken for the arterial pulse pressure wave to travel from the left ventricle to a periphery. Two common peripheries used are a finger or toe. PTT is usually measured between the R-wave of an electrocardiogram (ECG) and a predetermined amplitude threshold at the photoplethysmographic (PPG) signal. 11, 12 Previous studies have established that changes in the arterial wall stiffness can be reflected by observing the relative changes in PTT. 12 Its usefulness in respiratory sleep studies in both children 13 and adults 12 are known. Furthermore, parameters that can affect the measure of PTT in adults have been well-studied. 14, 15 However, there is limited information available about normative PTT range for children in the present literature. Hence, this study was conducted on healthy Caucasian children aged 5-12 years with the following objectives: (1) to determine their numerical normative PTT range, (2) to understand their age-related variations in PTT trend, (3) to examine the probable contributions of peripheral path length, HR, systolic blood pressure (SBP), diastolic blood pressure (DBP) and mean arterial pressure (MAP) in their PTT measurement, (4) to investigate possible PTT differences between using a finger or toe as the measuring periphery and (5) to derive regression equations to estimate PTT for the selected age range.
Methods
This study included 55 Caucasian children (39 male) recruited from the low to medium socioeconomic community in Brisbane. The number of children in each age group were 5 years (n ¼ 8), 6 years (n ¼ 5), 7 years (n ¼ 8), 8 years (n ¼ 8), 9 years (n ¼ 6), 10 years (n ¼ 6), 11 years (n ¼ 8) and 12 years (n ¼ 6). Their mean age with their standard deviations (s.d.) were 8.472.3 years. Their arm and leg length were 611.1779.7 and 1041.67132.0 mm, respectively. SBP were 107.478.6 mmHg, DBP were 65.977.9 mmHg, MAP were 81.178.3 mmHg and HR were 86.1712.6 bpm. The inclusion criterion for recruitment was children with no clinically apparent arterial disease, physical abnormalities, observantly obese, on medication or strenuous exercise 24 h prior. All measurements were performed in a typical sleep laboratory at ambient temperature between 9 and 11 a.m. Institutional ethical approval and informed consent from each subject and parent were obtained for these studies. A stand-alone PTT system that acquires physiologic data continuously from a single-lead ECG and PPG signals from an oximetry was developed with an accuracy of 1 ms.
Both PTT peripheral examinations were performed for 2 min with the child sitting back on the chair and their arm resting on the chair. This sitting procedure was performed to minimise the possible effects of hydrostatic pressure on the BP at the arm. 16 Their SBP, DBP, MAP and HR were measured while the child was still in the sitting posture from an automatic sphygmomanometer. Arm and leg path length of the measured peripheries were recorded with the sterno manubrial notch as the reference point. Unlike adults, there were both inter-and intra-age-related BP differences in children. Hence, all BP measurements were normalised by known age-specified changes. 17 Furthermore, to reduce the possible effects of gender and height differences on BP, the measurements were also normalised accordingly using its corresponding 90th percentile mark. 18 Statistical analysis was performed using SPSS package. A value of Po0.05 was considered significant in this study. a strong correlation between the linear increase in arterial stiffness and increasing age. In order to assess changes in arterial stiffness, noninvasive methods like PWV 1,2 and PTT 9,10 have been devised. PWV is the measure of appearance time of a pressure pulse in two sites along an artery, while PTT is the time delay of a cardiac pulse wave to a predetermined peripheral site. Both faced similar drawback that obtaining an accurate distance between the two measuring sites can be complicated. Regardless of this, PTT has become an increasingly popular noninvasive measure of abrupt changes in arterial stiffness or fluid properties of blood. 11, 12 In this study, a trough in arterial distensibility was unable to be located at the age of 10 years as reported. 7 This is perhaps expected as progressive medial degeneration is probably the major underlying factor; however, this needs further clarification. Present study suggests that childhood PTT is dependent on BP, HR and peripheral path length. By using a multivariate model, it is identified that age is probably the strongest determinant that correlates positively with peripheral arterial distensibility in both the upper and lower limbs, with the greater increase found at the toe. However, it is also expected there is a high colinearity between age and the peripheral length in childhood. Further investigations are required to fully comprehend the confounding effects between these two parameters (see Figure 1) .
Studies of developmental changes in arterial structure during childhood have demonstrated that there are progressive increases in both medial thickness and density of the elastic fibers of media after birth. 8, 19 With these observations, it may be suggested that arterial distensibility reduces with increases in age for children and consequently, increases the PTT duration. However, BP increases with age in normal children thus contributing to a reduction in their normative PTT value. This may be due to the age-related vessel stiffening or increase in distensibility. Of the two, the latter shows an association between age and BP, but this has not always been observed. Hence, it is interesting to note that these two observations affect the overall nominal BP of children. The relations of three BP indexes namely, SBP, DBP and MAP were compared in their contributions to PTT measurement. SBP and MAP were reported to be the two more reliable measure and predictors of BP measure. Conflicting reports from previous studies suggested that the contributions from DBP were significant 3 while others disagreed. 20, 21 The results attained from this study echoes the latter. Owing to the limited usable knowledge on MAP, SBP still remains as the more practical and easiest indicator for BP measurement in the general population. 22 Present study affirms that SBP as the more dependable index to correlate the BP effects on PTT measurement.
The findings obtained here echoes those of Avolio et al 19 and Cheung et al 7 that BP is not the sole contributor to transit time changes, although it is significantly related. BP is a lesser contributor at both sites in comparison with HR and peripheral path length. From these observations, it can be seen that PTT is not dependent on one physiologic parameter. The relationships between the agerelated changes in BP and PTT are less clear in this study since the nominal BP of children increases with age in childhood. 8 The greater PTT value at the toes can be easily explained by its relatively longer artery length the pulse wave needs to propagate. 11, 12 HR effects on PWV was often dismissed or even overlooked; however, recent studies have suggested otherwise. Studies conducted on animals have established that arterial distensibility is a function of HR. 6 It is also suggested that there is a link between resting HR and arterial stiffness. 2 Hence, the assessment of PTT in normal children can be a useful clinical tool for future respiratory and cardiovascular studies. 
